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Abstract: Image thresholding is one of the fastest and most effective methods of detecting objects in
infrared images. This paper proposes an infrared image thresholding method based on the functional
approximation of the histogram. The one-dimensional histogram of the image is approximated to the
transient response of a first-order linear circuit. The threshold value for the image segmentation is
formulated using combinational analogues of standard operators and principles from the concept
of the transient behavior of the first-order linear circuit. The proposed method is tested on infrared
images gathered from the standard databases and the experimental results are compared with the
existing state-of-the-art infrared image thresholding methods. We realized through the experimental
results that our method is well suited to perform infrared image thresholding.

Keywords: infrared image; image thresholding; histogram approximation; transient response of a
first-order linear circuit; gray-level histogram; threshold value

1. Introduction

Image segmentation is a process of extracting primitive objects or constituent regions from the
image. Image thresholding is the simplest way of performing image segmentation. Image thresholding
methods [1-7] use threshold value for image segmentation. The first step of image thresholding is
converting the image into a grayscale image [8]. The intensity level of each pixel in the grayscale image
is compared with the threshold value and based on the comparison result, and the pixels are encoded
as one of the class labels. For a binary image, the class labels are ‘0" and ‘1".

Most studies have tended to focus on infrared image processing [9-15]. Image segmentation
is recognized as being the most important part of infrared image processing. Infrared (IR) imaging
is useful in many applications such as military applications [16,17], industrial applications [18,19],
and medical applications [20,21]. Thermal infrared cameras can be used to detect the infrared
radiation emitted by the objects [22]. Thermal infrared cameras work based on the law of black body
radiation. The thermal cameras detect the infrared radiation emitted by the objects and convert the
observed radiation into an electronic signal. The infrared images captured by the IR camera show
abnormalities in the temperature of the objects [23]. Due to the different characteristics of infrared
images compared to visible images, conventional methods developed for visible image thresholding
will tend to fail for infrared image thresholding. Image thresholding algorithms need to be developed
in accordance with infrared image characteristics. We analyzed the characteristics of the different
infrared images via its one-dimensional grayscale distribution properties and using the grayscale
distribution properties we have developed a mathematical model to extract an optimal threshold value
for infrared image thresholding.
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Various approaches have been proposed for the thresholding of infrared images [5-7]. For instance,
Soundrapandiyan et al. [24] proposed a method based on the concept of approximating the grayscale
histogram. The purpose of the image thresholding in this method is to detect the pedestrian in
the infrared images. In this method, the histogram is approximated to Gaussian distribution and
the mean and variance values are calculated from the Gaussian function. The threshold values for
the infrared image segmentation are defined based on the mean and variance values. This method
works well only if the mean of the Gaussian function lies near the gray level 128. This method gives
errors in the image thresholding when the mean of the Gaussian distribution is closed to 0 or 255
for eight-bit grayscale images. In addition, the procedure for selecting a value for the variance was
not explained in this method. Many iterative-based thresholding algorithms were proposed over
the years for infrared image segmentation. Defining a threshold-dependent criterion function based
on the information and properties of the grayscale histogram is the common idea in these methods.
For instance, Milad et al. [25] proposed an image thresholding method based on the maximum entropy
and the bee algorithm. In this method, the criterion function is defined based on the Shannon entropy
concept and the bee algorithm is applied as the iterative model in order to select the optimal threshold
value for image segmentation. This method was tested on a limited number of infrared images.
Another iterative method was proposed by Tao et al. [26] for infrared image thresholding. In this
method, the image is converted into an eight-bit grayscale image to obtain the cloud models related to
the object and background of the image. The hyper entropy values obtained from the cloud model
are used to extract an optimal threshold for infrared image thresholding. This method is facing the
over-segmentation problem in case of some infrared images.

In [27], Leo Graby proposed an image segmentation method based on the random walks theory
and circuit theory. In this method, the pixels are considered as the analogy of nodes in the electrical
circuits, and Kirchhoff’s laws were applied to the pixels and gray-levels to determine the optimal
image segmentation. In our method, the one-dimensional histogram of the image is considered an
analogy of the transient response of the first-order linear circuit.

This paper presents a new thresholding approach for infrared image segmentation. The threshold
value for the image segmentation is formulated by approximating the one-dimensional histogram
of the image to the transient response of the first-order linear circuit. In most of the thresholding
methods, several iterations are required to find the optimal threshold value for image segmentation
and it is not possible to predict the number of required iterations before the image segmentation,
since the number of required iterations depends on the pixel’s distribution over the histogram of an
image. However, in our method, a single mathematical expression is sufficient to find the threshold
value. This advantage of our method reduces the computational complexity of finding the threshold
value and it also reduces the computational time for image segmentation. As with the OTCBVS
dataset [28], some standard infrared thermal image datasets are available. These datasets are old
and not challenging for modern infrared image applications. LTIR dataset [29] is a recently formed
database comprising of different image sequences extracted from various sources. For this reason,
we selected the LTIR dataset for testing the proposed method. Moreover, we tested our method on
Photovoltaic System Thermal Image Database [30] in order to report the effectiveness of the proposed
method in the practical applications of the infrared thermal images. We conducted experiments on
various classical image thresholding methods [31-33], of which the Yen [33] method produced better
results for the infrared image segmentation. To evaluate the performance of the proposed method,
the experimental results have been compared with other image thresholding methods such as the Yen
method [33], Soundrapandiyan et al. [24], Milad et al. [25], and Tao et al. [26]. This paper is organized as
follows. We propose a new procedure to find the threshold value for image segmentation in Section 2.
The experimental results of the proposed method are analyzed in Section 3. Our conclusions are drawn
in the final section.
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2. Proposed Method

Most image thresholding methods use the grayscale histogram information of the image to
find the threshold value for image segmentation. The statistical approach [31] and the functional
histogram approximation approach [34] are two common approaches that are used to develop image
thresholding algorithms based on the grayscale histogram information. In this section, we are
describing a new functional histogram approximation-based infrared image thresholding algorithm.
First, the one-dimensional histogram information such as the global maximum grayscale frequency
and its corresponding intensity level are extracted to split the histogram into two parts. The reason
behind extracting the global maximum and its related information is to reduce the search space region
for getting an optimal threshold value for image segmentation. In the proposed method, the grayscale
intensity space above the grayscale intensity corresponding to the global maximum pixel frequency
was used as the search space region in order to obtain an optimal threshold value.

An image can be represented in the three-dimensional coordinate system. Let f(x, i) be a grayscale
image where x and y represent the spatial position of the pixels and f(x, y) represent the intensity of
the pixel located at the point (x, y) on the image. The histogram of an image represents the number of
pixels associated with each grayscale intensity in that image. The pixel distribution on the grayscale
histogram can be represented by L discrete gray-levels, [0,1,2 ... L — 1]. The one dimensional (1D)
histogram of a digital image can be defined as [35]

hi =n;  ie[0,L—1] 1)

where 1; represents the gray level frequency at gray-level i.
In the proposed method, the 1D-histogram of the image is partitioned into two parts based on
the maximum gray-level frequency h;,. The first part of the histogram is represented with h; and
the second part of the histogram is represented with /; as shown in Figure 1b. The mathematical
expression of the grayscale histogram of an image h; can be written as
hijfor 0<i= f(x,y) <in
h; = e )
hy; for iy, < f(x,y) <L -1

here, iy, is the grayscale intensity corresponding to the grayscale frequency h,.
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Figure 1. (a) Infrared image of a person; (b) grayscale histogram of the image.

This process is explained more explicitly in Figure 1. Figure 1a shows an infrared image of the
person walking and Figure 1b shows the histogram of the corresponding infrared image. In Figure 1b,
we can see that the whole histogram #; is portioned into two parts based on the value of i,,. The first
part of the histogram is labeled by hy; and the second part of the histogram is labeled by h;.
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2.1. Transient Behavior of the First-Order Linear Circuit

One of the parameters used to describe the transient behavior of the first-order linear circuit is the
time constant. The value of the time constant depends on the values of the circuit elements. In most
cases, the circuit is designed (choosing the values for the circuit elements) based on the desired time
constant value. The time at which the transient response of the circuit reaches 63% of its steady-state
value is defined as the time constant. The transient response reaches 95% of its steady-state value
at 3 T seconds and 99% of its steady-state at 5 T seconds [36].

A first-order linear circuit contains one energy storing element (capacitor or inductor). Consider a
first-order linear circuit connected to a step source (A) at time ¢ = 0. The differential equation of the
circuit can be written as [37].

dy
T —_—
dt

where y is the response across the energy storing element (v is the voltage response if the storage element

+y=A 3)

is a capacitor and y is the current response if the storage element is an inductor) and 7 represents the
time-constant of the circuit.
By solving differential Equation (3), the output response of the circuit is:

y(t) = A(1-e) @

Suppose at f = t, the step source is disconnected from the circuit. Now the circuit becomes a
source free circuit and the differential equation for the output response can be written as

W y=0 5
T T +y= ®)

By solving differential Equation (5), the output response of the circuit is:
y = ylto)e )/t (6)

where y(t,) is the output response at t = t, and y(t,) = y(t;) = y(if;r )
The following is the generalized mathematical expression based on the initial value (y(0)) and
the final value (y(o0)) of the output response:

y = y(e0) + (y(0) — y(o0))e =0/ )

By using Equation (7), the output response of the circuit at t = t; can be expressed as

y=y(t) + (y(ts) —y(t))e 77T, 1, <ty < o0 ®)

where y(t,) is the response of the circuit at the initial value t, and is equal to A and y(t) is the final
response of the circuit and y(t;) = 0as t; — 0.

Equations (6) and (8) are used in the proposed method for approximating the grayscale histogram
to the transient response of the first-order linear circuit.

2.2. Approximating the Grayscale Histogram to the Transient Response of the First-Order Linear Circuit

In the proposed method, the first part of the grayscale histogram hy; is approximated based on the
transient response of the first-order linear circuit connected to a step source. Based on Equation (6),
the mathematical expression of the approximation histogram for the first part can be written as

nu:M@_fﬂ )
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where hy, is the analogy of A under the assumption that the steady-state value of the first part of the
approximated histogram is h;,. Figure 2a shows the approximation histogram corresponding to the
first part of the original histogram shown in Figure 1b.
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Figure 2. (a) Original image; (b) the approximated part and original part for the first part of the original
histogram; and (c) the approximated part and original part for the second part of the original histogram.

Furthermore, the second part of the histogram is approximated to the transient response of
the source-free first-order linear circuit. Based on Equation (8), the mathematical expression of the
approximated histogram for the second part can be written as

hioi = hp 1 + (hyy — hy_q )e~(=m)/7 (10)

where iy, is analogous to the initial time f,, h,, is analogous to the initial response y(t,) and h;_; is
analogous to the final response y(t;). Figure 2b shows the approximated histogram corresponding to
the second part of the original histogram shown in Figure 1b. We observe that the second part of the
histogram contains grayscale frequencies of two categories such as zero grayscale frequencies and
non-zero grayscale frequencies as shown in Figure 2b. For the zero grayscale frequencies category,
the number of pixels associated with either background or foreground (objects) is zero. This means
that no significant information exists at the grayscale values corresponding to the zero grayscale
frequencies, whereas the non-zero-grayscale frequency represents the number of pixels associated with
either background or foreground (objects) in the grayscale image. The second part of the approximated
histogram follows the original histogram at the non-zero grayscale frequencies. As shown in Figure 2b,
the approximated histogram exhibits a close resemblance to the original histogram of the infrared
image at the non-zero grayscale frequencies and we can see that the resemblance was even closer at
the intensity values corresponding to the foreground (object) of the infrared image, and this step of
the tracing is considered as an important event in the proposed method. Based on the value of iy,
the approximation histogram of the image can be expressed as
i { / 1&1,»,. i € [0,in] (1)
hyi, i€ [lm,L - 1]

2.3. Determining the Threshold Value for Image Segmentation

The thermal abnormalities in the infrared image differentiate the foreground objects from the
background of the image. In general, the high-temperature regions are correlated to the foreground
object and therefore the pixels belonging to the high-intensity values represent the foreground objects
in the infrared imaging [38]. In the proposed method, the threshold value that separates the objects
from the background can be obtained from the second part of the histogram and the threshold value
is defined based on the entropy value H. The expression of the histogram based on the entropy is
defined as

hi—r = hy = (H/100) X Iy, (12)
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By substituting Equation (12) in Equation (10), the modified expression is:
hr = hi g+ (hy =y )e” T/ (13)
Simplifying Equation (13) further to get the expression for the threshold:
hr =iy = (= )e”T)/e (14)
hn—hi1 _ (1oin) /e
——— = 15
hr —hp (19
Applying the natural logarithm on both sides, the modified expression is:
b —hp—1) _ (T —im)
1 = 1
1’1( hT - hL—l ) T ( 6)
, hin —hi—1
T—ipm=1ln|———— 17
Im =T ( W — Iy ) 17)

. Iy —hy 1
— _m L=l 1
T zm—l—’cln(hT_hL_l) (18)

The vertical line in Figure 3 indicates the intensity threshold value obtained from the proposed
method for the infrared image shown in Figure 2b.

2000

T
-. === QOriginal histogram
] B Approximated histogram
]
.

1750
1500
1250
1000

750

500

250 -

ﬁ__--_1_—.-...__l_l'r-l..|..|

150 175 200

i

'

i

i

|

i

'

|

1

\
\ ]
1
1

'
i
[
I
v

0 S

] 100 125 225 250

5t

Figure 3. Finding value for 7.

-
-

The time-constant 7 is determined based on the concept of finding the approximate time taken

by a linear first-order circuit to reach its steady-state. The approximate time taken by the first-order
linear circuit to reach its steady-state is 5 7 [36]. The procedure for finding the time-constant value is
described in Figure 3. By applying this concept to the second part of the approximated histogram,
we get:

5t=(L-1)—ip

(19)
Simplifying further, the expression of 7 is:
L-1)-i
o= L=V —in 5> b (20)

In intensity thresholding, the gray-level is compared with a threshold value and based on the
comparison, the grayscale image is converted into a binary image [39]. Equation (18) gives the
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expression of the threshold value for the image segmentation. Based on the threshold value, the image
can be converted into a binary image as

0, f(x,y)<T
B(xry) :{ 1, f(i/i> >T (21)

where, f (x,y) < T represents the background and f(x, y) > T represents the foreground of the image
for an image containing light objects on a dark background.

The natural logarithmic function is defined only for positive values. In the proposed method,
the natural logarithmic function defining the threshold value is not valid for the following two cases.

Case 1:

The natural logarithmic function is not defined in the proposed method for defining the threshold
value when hy, —h;—1 < 0or hy < hi_q. In this condition, the value for hi;_; of the approximated

histogram is defined as
hp-1=0 (22)

Case 2:
The second case in which the natural logarithmic function defining the threshold value is not
valid, when ht —h;_1 < 0. In this condition, the expression of the threshold value is given as

T=L-2 (23)

The proposed algorithm to find the threshold value for the infrared image segmentation can be
explained through the flow chart as shown in Figure 4.
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Figure 4. Flowchart of the proposed method to find the threshold value.
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2.4. Validation of the Proposed Method through Approximation Error

We outlined a few things here to ensure that the proposed method was giving a precise
approximated histogram to the original histogram of the infrared image. To validate the approximation,
the approximation errors or relative errors (e Appmx) between the original histogram and the
approximated histogram were calculated for the second part of the histogram shown in Figure 2c.
The approximation error is defined as [40].

(24)

where (i) is the grayscale frequency at the intensity level i of the original histogram and /(i) is the
grayscale frequency at the intensity level i of the approximated histogram.

The approximation error compares the approximated histogram against the original histogram
at different intensity levels. As shown in Figure 2, the second part of the histogram contains the
grayscale intensities ranging from 72 to 255. To reveal the test results regarding the approximation
error, we provided the values obtained for the approximation error over the duration of 6 grayscale
intensities and the list of approximation errors obtained at different grayscale intensities is shown
in Table 1. Since the number of pixels present at the intensities corresponding to the zero grayscale
frequency is zero, we omitted the approximation error calculation for these grayscale intensities.
According to Table 1, the highest deviation of the approximated histogram from the original histogram
is obtained at the intensity level 114. At this intensity level, the number of pixels corresponding to
the original histogram is 52 however the number of pixels related to the approximated histogram
using Equation (10) is 609. The lowest deviation of the approximated histogram from the original
histogram is obtained at the grayscale intensity level 216. At this intensity level, the number of
pixels corresponding to the original histogram is 40, however, the number of pixels related to the
approximated histogram using Equation (10) is 38. The approximation error with a very low value
at the grayscale intensity indicates that the grayscale frequency obtained from the approximation
histogram has a value very close to the grayscale frequency of the original histogram. We observe from
Table 1 that the approximation error is less than what it is for most grayscale intensities. The results of
this paper finding the approximation errors imply that the approximated histogram follows the original
histogram. These results further strengthened our conviction that the proposed method can generate
an accurate approximation histogram to the original histogram of an infrared image. Further analyses
were carried out in the next section to analyze the working performance of the proposed method by
conducting experiments on infrared images collected from the standard infrared image databases.

Table 1. List approximation errors, calculated between the original histogram and the approximated
histogram for the image shown in Figure 1.

Intensity Level ~ Number of Pixels =~ Approximation Error  Intensity Level =~ Number of Pixels  Approximation Error

72 1918 0 168 61 0.5647
78 1271 0.2193 174 52 0.5634
102 513 0.3933 180 23 0.7728
108 279 0.611 204 61 0.1501
114 52 0.9146 210 39 0.1365
120 85 0.8357 216 40 0.0392
132 58 0.8679 222 57 0.7366
156 47 0.8740 228 41 0.4637
162 31 0.8120 234 25 0.0448

3. Experimental Analysis and Results

We implemented the proposed method on a PC with Intel Corei7 (Intel Corporation, Santa Clara,
CA, USA), 3.6 GHz processor, and 8 GB RAM. The experiments were conducted in a Python
programming environment. To verify the performance of the proposed method in detecting objects
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using image segmentation, we tested our method on the infrared images extracted from recently
developed standard databases. The original images with no modifications were considered for the
experimental analysis and the database details are provided in Table 2.

Table 2. List of the infrared image databases.

Dataset Purpose Sensor Number of Frames Res?lutlon
(Pixels)
Human detection FLIR Tau 320 358 320 x 240
LTIR Horse detection FLIR Photon 320 348 324 x 256
Human detection FLIR Photon 320 270 320 x 240
Human detection AIM QUIP 218 640 x 480
Photovoltaic System Hotspot detection ~ Zenmuse XT IR camera 55 336 x 256

Thermal Images

LTIR is a more challenging dataset for thermal object detection. Thermal image sequences collected
in the LTIR dataset were captured with distinct image sensors in different environments and recorded
on different platforms. The LTIR dataset consists of 20 sequences, in which we considered four different
challenging sequences to test the proposed method. Our method was also tested on another set of
infrared images in the Photovoltaic System Thermal Image Database. The purpose of selecting thermal
imagery in the Photovoltaic System Thermal Image Database is to identify the hotspots caused by
various faults in the photovoltaic modules. The infrared images in the Photovoltaic System Thermal
Image Database are captured at different altitudes under different weather conditions.

The experiments were conducted on all the images of the databases listed in Table 2. A sample
image from each sequence was considered to exhibit the thresholding results of our method along
with other state-of-the-art methods as shown in Figure 5. To evaluate the performance of the proposed
methods, the results of our method were compared with the ground truth images shown in Figure 5b
and other image thresholding methods. Figure 5c shows the thresholding results of the Yen method,
Figure 5d shows the thresholding results of the Soundrapandiyan et al. method, Figure 5e shows
the thresholding results of the Milad et al. method, Figure 5f shows the thresholding results of the
Tao et al. method and Figure 5g shows the thresholding results of the proposed method. Although
most of the results of the various methods are very close to the ground truth images, we can observe
severe over-segmentation or under-segmentation in some of the results. We considered such severely
over-segmented or under-segmented results to be poor performance results. The Yen method has
produced poor results for Figure 5iv,v; this reveals the inconsistency of this method in the thresholding
of infrared images captured under different conditions. Soundrapandiyan et al. has produced poor
results for Figure 5ii,iv,v, and Milad et al. has produced poor results for Figure 5iii,iv,v. Although the
two methods were developed for infrared image segmentation, the results of these methods show
incompetence in thresholding infrared images, especially in the case of multi-object infrared images.
Although the Tao et al. method produced satisfactory thresholding results for the first three images,
this method produced over-segmented results for the next two images. It can be observed from the
thresholding results that the proposed method yields consistent and satisfactory segmentation for all
the images. Even though the proposed method produced better results compared to other methods,
our method lags in providing more accurate results for high-resolution infrared thermal images,
which we can observe in Figure 5iv,f. The proposed method is successful in thresholding single person
as well as multi-person infrared thermal images, which shows the significance of our method for the
purpose of person detection applications. The proposed method produced more accurate thresholding
results in case of detecting hotspots in the solar PV panels, showing the effectiveness of the proposed
method in real-world applications. In more detail, the performance of the proposed method was
evaluated via quantitative analysis.
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(i)
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Figure 5. Comparison results of the five methods for images (i-v): (a) original image; (b) ground truth
image; thresholding results: (c) Yen method; (d) Soundrapandiyan et al.; (e) Milad et al.; (f) Tao et al.;
and (g) the proposed method.

Quantitative Analysis

For image thresholding, the peak signal noise ratio (PSNR) [41] compares the image thresholding
result of the methodology with that of the ground truth image. It reports the number of misclassified
pixels of the image thresholding result of the methodology to the ground truth image:

-1N-1

M-1N-
1
PSNR = 20log;o(L 1) = 1010g;0| 717 Y. Y (B(x,y)-GT(x,y)) (25)
i=0 j=0

where L is the maximum gray level since we experimented on eight-bit images, the value of L is 256;
M x N is the size of the image; B(x, y) is the image thresholding result and GT(x, y) is the ground
truth image.

Sequences named as ‘hiding’, ‘horse’, ‘mixed-distractors’, and ‘saturated” in the LTIR dataset
are the first four sequences and the image set in the Photovoltaic System Thermal Image Database is
labeled as sequence 5. These five sequences are considered to evaluate the performance of the proposed
method and the average peak signal noise ratio (PSNR) values obtained for each sequence are listed in
Table 3. The performance comparison based on PSNR values obtained for the images in all sequences
(total of 1249 images) is shown in Figure 6.

Table 3. Average peak signal noise ratio (PSNR) (in dB) results for the five methods.

Sequence Yen Method  Soundrapandiyan etal.  Milad et al. Tao et al. Proposed
1 19.5227 18.9946 18.9830 21.2301 23.5662
2 28.1154 10.8097 20.7470 34.8999 35.0484
3 14.2475 14.4219 12.1629 15.0631 19.0519
4 4.7949 11.1707 19.7181 12.2039 21.1696
5 11.2230 27.4780 25.1709 17.2717 32.0171
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Figure 6. Comparison of the PSNR values for the five methods.

Sequence 1 and sequence 3 are recorded indoors to detect the human. Sequence 2 is recorded in a
natural background to detect a horse. Sequence 4 offers very high-resolution images with a complex
background and the purpose is to detect multi persons. Sequence 5 addresses solar energy applications
where hotspots are to be detected for fault diagnosis. In order to check the detection capability through
image segmentation, we considered all these sequences for evaluation. The Yen method works well
for segmenting single objects in sequence 1 and sequence 2, however, this method fails to produce
satisfactory single object segmentation for sequence 5. According to the PSNR metrics of the Yen
method obtained for sequence 3 and sequence 4, this method is not suitable for the segmentation of
multi-object infrared images. The Soundrapandiyan et al. algorithm and Milad et al. algorithm work
well for single object infrared image segmentation, meanwhile, they have provided poor performance
for the segmentation of multi-object infrared images related to sequence 4. The performance of Tao et al.
is satisfactory for sequence 1, sequence 2, and sequence 3. However, this method produced a poor
performance according to the PSNR metrics obtained for sequence 4 and sequence 5. The obtained
metrics for PSNR in all sequences revealed that the proposed method can perform better segmentation
for single-object infrared images and multi-object infrared images. To emphasize this fact, the finest
performances were highlighted showing the best results between the comparisons.

In order to assess the computational cost [42], the CPU times were measured for the images shown
in Figure 5. A list of the CPU times for each method is provided in Table 4 and Figure 7. From this table,
we can observe that the computational cost is high for the Yen method, Milad et al. method, and the
Tao et al. method. The reason for this is the number of iterations required in these methods to generate
an optimal threshold value, whereas the computational cost is less for the Soundrapandiyan et al. and
the proposed method. The Soundrapandiyan et al. method requires the background subtraction of
the image, which is an additional step compared to the proposed method, and this additional step
causes a higher computational cost than the proposed method. The simple mathematical structure of
the proposed method to produce the optimal threshold value causes the lowest computational cost of
all the methods listed in Table 4.
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Table 4. Computational cost (in seconds) results for the five methods.

Image Yen Method  Soundrapandiyan et al. Milad et al. Tao et al. Proposed
1 0.5660 0.2730 0.4920 0.7010 0.2630
2 0.4830 0.3750 0.4860 0.6710 0.2550
3 0.4920 0.2900 0.5590 0.6590 0.3410
4 0.5030 0.2960 0.4970 0.7180 0.2700
5 0.4850 0.2860 0.4880 0.6490 0.2250
Average 0.5038 0.3040 0.5044 0.6796 0.2708

Computational Cost

07 N Yen
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- 0.6 N Tao
v
'g 05 BN Proposed
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b
c 0.4 -
o
E 03
z
o 024
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Figure 7. Comparison of the computational cost for the five methods.

4. Conclusions

In this paper, we found a new thresholding algorithm for infrared thermal images based on
approximating the grayscale histogram of the image to the transient response of the first-order linear
circuit. The simple mathematical architecture of the proposed method reduces the computational cost
in searching for the optimal threshold value. Results to date have been very promising and we hope
that our research will be useful in segmenting the thermal objects of the infrared images. Furthermore,
our method was proven to work well for multi-object infrared thermal image thresholding. To further
our research, we plan to apply our algorithm to the infrared thermal images of photovoltaic modules
to detect the hotspots and try to use hotspot information to estimate the power loss caused by various
faults in photovoltaic modules.
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